The effect of the structure of a chromophore on the light-triggered vesicle formation from particles containing the chromophore and a phospholipid was studied. It was revealed that not only the photoactivity but also the amphiphilicity is essential for the chromophore to cause the vesicle formation, where the amphiphilicity likely allows coexistence of the amphiphile and phospholipid in the particles. It was also found that an ionic solute used in the hydration media has an encouraging effect on the photo-generation of vesicles. In addition to these fundamental aspects, vesicle formation in a microenvironment and encapsulation of a substance in the vesicles were also demonstrated.
been demonstrated [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Recently, we reported light-triggered μm-size vesicle formation from particles [25] composed of phospholipids and multi-block amphiphiles bearing 1,4-bis(4-phenylethynyl)benzene units [26, 27] . Here for deeper understanding of this phenomenon, we investigated the effect of amphiphilicity of the chromophore as well as the effect of solute in the hydration media on the vesicle formation. In addition, we demonstrate light-triggered vesicle formation in a confined microenvironment and encapsulation of a substance in the generated vesicles as possible applications.
Experimental Chemicals
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod-PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). NaCl, glucose and sucrose were purchased from Nacalai Tesque (Kyoto, Japan). Anhydrous CHCl 3 , MeOH and 1,4-bis(phenylethynyl) benzene (BPEB, Fig. 1 ) were purchased from Wako Pure Chemicals (Osaka, Japan). These commercial re agents were used without purification. Deionized water (filtered through a 0.22 μm membrane filter, > 18.2 MΩ cm) was purified in a Milli-Q system of Millipore Corp. (Billerica, MA, USA). Trimethyl (1 12,15,18,26,29,32,35,38,40,43,46,49,52,60,63,66,69-octadecaoxa-3,4- Fig. 1 ) and 4,4′-(1,4-phenylenebis(ethyne-2,1-diyl))diphenol (BPEBOH, Fig. 1 ) was synthesized following the reported procedure [25, 28] .
Equipments
Bright-field, fluorescent and phase-contrast microscopy was performed with an Olympus (Tokyo, Japan) IX-71 microscope, where a U-MWU2 mirror unit (excitation filter: 330-385 nm, emission filter: 420 nm, dichroic mirror: 400 nm) was used for the fluorescence observation, and the excitation light through the filter (330-385 nm) was used for the photo-irradiation. Confocal laser scanning microscopy was performed with an Olympus IX-81 microscope. Sonication and vortex for the preparation of lipid particles were performed with 
Preparation and photo-irradiation of particles for applications

Effect of BPEB unit on light-triggered vesicle formation
In our previous paper [25] , we reported that the BPEB units in cycAzo-T4B2 are likely the essential components enabling the light-triggered vesicle formation, since hydrogenation of the ethynylene bonds in the BPEB units resulted in no vesicle formation under irradiation. In order to get a more direct evidence for the role of the BPEB unit for the vesicle formation, we prepared particles including BPEB and BPEBOH.
Upon light irradiation to the particles prepared from a mixture of DOPC and BPEBOH at 25 °C (λ = 330-385 nm), μm-size vesicle budding from the particles were promptly observed (Fig. 2a, b) . However, interestingly, the particles prepared from a mixture of DOPC and BPEB did not show the vesicle formation under the light illumination (Fig. 2c, d ). Thus, while it was confirmed that the BPEB unit enables photo-generation of the vesicles from the particle, it is also suggested that there is an another factor responsible for this phenomenon.
For fluorometric visualization of the phospholipid component, particles composed of DOPC, NBD-PE, and BPEBOH or BPEB were prepared. The resulting particles including BPEBOH also showed the light-triggered vesicle budding. Under confocal laser scanning (CLS) microscopic observation, a particle including BPEBOH visualized the fluorescence of BPEBOH over the particle upon excitation with 405-nm light (Fig. 3a) . Green fluorescence from the NBD group upon excitation with 473-nm light mostly overlapped with the BPEBOH fluorescence (Fig. 3b, c) . These observations indicate that BPEBOH has high miscibility with the phospholipids and does not form domains in the particles. In sharp contrast, a particle prepared from DOPC, NBD-PE, and BPEB showed the green fluorescence of the NBD group only at limited areas in the particle (Fig. 3f) , although most parts of the particle displayed the fluorescence of BPEB (Fig. 3e) . These contrasting results between BPEBOH and BPEB suggest that the amphiphilicity of the chromophore, which allows blending with DOPC, is also an important factor for the light-triggered vesicle formation.
Effect of ionic solute on light-triggered vesicle formation
It is known that the zwitterionic structure of a phosphatidylcholine, such as DOPC, strengthens the multilayer membranes due to the formation of strong electrostatic interactions between the bilayer membranes. As reported previously, the particles are consisting of multilayer membranes [25] . This suggests a possible effect of ionic solutes to facilitate detachment of the membranes from the particles to encourage the formation of vesicles [29] . When the particles, prepared from a mixture of DOPC and BPEBOH in the aqueous solution of glucose (200 mM), was irradiated, they left a portion of dormant "husks" after the vesicle formation. In contrast, it was found that the particles prepared from a mixture of DOPC and BPEBOH in 100 mM NaCl aq. (Fig. 4a) , in place of glucose aq., generated vesicles by irradiation, where most portions of the particle change into membranes. Once a membrane emerged from a particle (Fig. 4b) , it grew continuously (Fig. 4c) , and finally, membrane structures over 10-μm diameter were formed with almost no husk remaining (Fig. 4d) . Obviously, NaCl encourages the photo-induced vesicle formation.
Vesicle formation in microenvironment
The notable advantage of photo-generation of vesicles from the particles is that this methodology is potentially applicable for preparation of vesicles in a confined space like a cell, just like the vesicle budding. As a demonstration for proving this concept, we conducted a light-driven vesicle budding from the particle within a microchamber. For this demonstration, the particles were prepared from a mixture of DOPC, Rhod-PE and cycAzo-T4B2 chip composed of an epoxy resin, which was then placed under reduced pressure for 10 min at 20 °C. Brightfield microscopy displayed a particle in a microchamber (Fig. 5a, c) . The particle showed bright fluorescence upon irradiation of 405-nm and 532-nm laser beams, indicating the existence of cycAzo-T4B2 and Rhod-PE, respectively. The laser beam (405 nm, 5-20 mW) focused into a 10-μm spot was irradiated to the particle at 20 °C for the vesicle formation, meanwhile whole area of the chamber was irradiated with 532-nm laser light to excite Rhod-PE, allowing for observation by a fluorescence microscope (Fig. 5e-h ). Actually, a dozen of fluorescent spheres, rapidly flitting around the chamber, were observed after photo-irradiation for 15 s, where further irradiation induced the continuous formation of fluorescent spherical objects in the microchamber. Diameter of the observed fluorescent spheres ranged from 1.5 to 3.6 μm. Although the photo-generated vesicles initially flitted in the microchamber, they stopped the flitting immediately, probably due to adsorption onto the bottom surface of the microchamber. After photo-irradiation for 75 s, the particle image observable by bright-field microscopy diminished (Fig. 5b, d ), suggesting that the lipids contained in the particle turned into the fluorescent spheres, namely, the photo-generated μm-size vesicles.
Encapsulation of substance within vesicles
Encapsulation of substances is one of the important applications of vesicles for delivery [30] [31] [32] [33] [34] [35] . Here we tried to encapsulate sucrose within the μm-size vesicles. A particle suspension (200 μl) was prepared from a mixture of DOPC (2.0 mM) and cycAzo-T4B2 (400 μM) in 200 mM sucrose aq. by sonication (250 W, 15 min, 0-5 °C). After UV light (330-385 nm, 1 kW, Asahi Spectra LAX-1000, Tokyo, Japan) was irradiated to the particles suspension for 90 min at 20 °C, 100 μl of the suspension was taken out and mixed with 100 μl of 200 mM glucose aq. Phase-contrast microscopy visualized μm-size dark spheres in the resulting suspension (Fig. 6) . It is known that, under phase-contrast microscopy, the area containing sucrose aq. appears darker than the one containing glucose aq. because of the larger refractive index of sucrose aq. than glucose aq. [36] . Thus, this result clearly suggests that sucrose was encapsulated within the photo-generated vesicles.
Conclusions
In the present article, it was indicated that not only the BPEB unit but also the amphiphilicity of the chromophore is necessary for the light-triggered vesicle budding from the particle. It is expected that the capability of the small amphiphiles such as BPEBOH to form μm-size vesicles by light could expand the possible applications of vesicles. Effectiveness of ionic solutes to enhance the budding was also demonstrated. In addition to these fundamental aspects, the light-triggered vesicle formation from particles was applied to μm-size vesicle preparation in a confined microchamber and substrate encapsulation, which are difficult to be performed by conventional μm-size vesicle preparation techniques [5] . Since light has advantages as a local and contactless stimulus, we believe that the present study lends to the regulation of vesicles within a confined space such as a cell.
